This work explores the effects of axisymmetric, helical, and flapping mode perturbations over a range of Strouhal numbers on the near-field pressure of an axisymmetric Mach 0.9 jet with a Reynolds number of 6.2 Â 10 5 . Excitation is generated by eight localized arc filament plasma actuators uniformly distributed around the nozzle exit. The excitation of jet shear layer instabilities resulted in large-scale structures. The signature of these structures in the irrotational near field appears as high-amplitude hydrodynamic pressure fluctuations with wavepacket-like growth, saturation, and decay. The excitation Strouhal number and, perhaps more importantly, the azimuthal mode, are seen to strongly affect the spatial evolution of the wavepacket in both axial and radial directions. The dominant excitation Strouhal number is around 0.3, and the most significant effect on the jet statistical properties (such as distributions of velocity and pressure) occurs further downstream for the flapping mode in comparison to the axisymmetric mode. Dynamic mode decomposition is performed to further describe the modal behavior and evolution of hydrodynamic pressure fluctuations. The pressure response in the near field of jet plumes in flapping mode excitation is shown to exhibit two azimuthal mode behaviors: axisymmetric and flapping. An empirical model of hydrodynamic pressure distribution is established with normalized axial and radial profiles. The amplitude and distribution of the hydrodynamic pressure component are well depicted by the empirical reconstruction.
Introduction Overview
Jet propulsion has been widely utilized for providing thrust for commercial and tactical air vehicles. As the jet exhaust velocity increases, the accompanying jet noise intensifies significantly. In order to mitigate the noise, one focus of jet noise research seeks to control the jet plumes and the evolution of coherent flow structures, which are responsible for the peak jet noise. After a decade's effort, 1 a class of plasma actuators called localized arc filament plasma actuators (LAFPAs) has been developed and used at the Gas Dynamics and Turbulence Laboratory (GDTL) of the Ohio State University. With eight plasma actuators distributed uniformly around the nozzle exit, LAFPAs have demonstrated the capability of jet mixing enhancement and jet noise suppression. Jet plumes have been shown to present various azimuthal modal behaviors depending on the nature of perturbations present in a laboratory setup or artificially provided by actuations. The scale and development of coherent flow structures is correlated to the nature of excitation as well. LAFPAs have been developed into a unique tool for flow and acoustic diagnostics and control for jet noise research.
In an excited Mach 0.9 jet, LAFPAs have been shown to effectively reduce the far-field noise level associated with changing the nature of the large-scale structures. 2 There are distinct differences in the resultant jet acoustic spectra for various excitation Strouhal numbers and azimuthal modes, with higher azimuthal modes and higher Strouhal numbers producing the greatest reduction in the far-field spectral peak at aft angles to the jet. From Kim et al. 3 and Samimy et al., 4 the correlation between the excitation Strouhal numbers and the spacing and size of the excited jet flow structures has been well established. As the coherent turbulent structures grow and convect downstream in the jet shear layer, they generate orderly pressure fluctuations, which can be measured in the near field of jet plumes. 5 The objective of this paper is to study the differences of the near-field pressure waveforms caused by excitation of the jet using various azimuthal modes and excitation Strouhal numbers and to provide a better understanding of the near-field pressure distribution.
Background
Mollo-Christensen 6 was one of the first to observe the existence of coherent large-scale structures in a turbulent-free shear layer of a jet. In order to study the orderly structures in a jet shear layer, Crow and Champagne 7 excited a jet by periodic forcing; a wavepacketlike amplitude response (measured by hot-wire anemometry) was observed. Comparisons of the response intensity versus forcing frequency suggested the existence of preferred mode of the jet turbulence. Moore 8 discussed the coherent behavior of large-scale structures in the form of instability waves and illustrated the development of vortices in the jet shear layer. Due to jet instability, the initial shear layer undulates near the jet exit, rolls up into vortices. Streamwise development of these vortices in the streamwise direction is responsible for the ambient air entrainment into the jet. The vortices go through pairing processes in relatively low Reynolds number jets while convecting downstream. 9 Eventually, the coherent structures break up into much smaller scales further downstream. Sarohia and Massier 10 conducted simultaneous schlieren flow visualization and near-field pressure measurements in an excited low-speed jet. They concluded that a significant part of the near-field pressure fluctuations is produced by the interaction (or merging) of the large-scale structures in the jet flow. Chan 11, 12 showed that the near-field pressure fluctuations increase to a maximum at some axial location and then decay further downstream. In a jet excited with various azimuthal modes (m ¼ 0, 1, and 2), the near-field pressure fluctuations are shown with similar patterns of growth and decay. 12 As the azimuthal mode number increases, the amplitude of the pressure fluctuations is reduced, and the spatial extent of the pressure fluctuations along the jet centerline also decreases. Cohen and Wygnanski 13 acquired phase-averaged velocity measurements using hot-wire anemometry around the jet plumes at various azimuthal locations to illustrate the nature of helical modes in an excited jet. Plaschko 14 numerically evaluated the helical instabilities of slowly divergent jets and concluded that the growth of an azimuthal mode depends on the excitation frequency and streamwise location. He also found that for high Strouhal numbers the pressure response initially grows rapidly and saturates very close to the nozzle exit. The jet preferred mode (resulting in the most amplified pressure fluctuations) has been found to vary between Strouhal numbers of 0.2-0.5, depending on the measured location and the techniques used to identify it. 15 Gutmark and Ho 16 concluded that the low-level natural disturbances in each individual jet facility could alter the initial jet conditions and thus the jet preferred mode. The varying initial jet conditions affect downstream evolution and development of the large-scale structures, resulting in the disparate values found in the literature for the jet preferred mode. The jet flow behavior at the nozzle lip leaves an imprint on the downstream-developing coherent structures. The axisymmetric and helical modes could suppress the appearance of each other and therefore may not form simultaneously or coexist spatially. 17 It has been shown in Ribner 18 and Goldstein 19 that the pressure field within the jet is composed of the radiating (acoustic) component and the nonradiating (hydrodynamic) component. In either subsonic or supersonic jets, the near-field pressure spectrum clearly illustrates the existence of two pressure components. 20 By appropriately separating these two components in the base flow, one can identify the true sources of aerodynamic sound. Sinayoko et al. 21 followed Goldstein's concept 19 to decompose the flow into the nonradiating and radiating components by means of a linear convolution filter. With the identification of the hydrodynamic pressure fluctuation in the wavenumber regime, Tinney and Jordan 22 applied a wavenumber-frequency bandpass filter to separate the two pressure components. Mancinelli et al. 23 recently provided some novel decomposition techniques including the decomposition based on the various spectral and statistical characteristics. The highlight of their method is that the decomposition can be performed with just one single microphone located in the near field of jet plumes. Across different decomposition techniques, it has been shown that there is a significant difference between the relative amplitudes of the acoustic and hydrodynamic pressure components. 24 The ratio of these amplitudes is highly dependent on a number of factors, particularly jet Mach number, jet temperature ratio, measurement position, and finally Strouhal number. Due to the difference in spectral peak levels and decay rates, the near-field pressure is dominated by the hydrodynamic component at low Strouhal numbers, while at high Strouhal numbers it is dominated by the acoustic component. Arndt et al. 25 provided the performance metric to observe the individual contribution of the hydrodynamic and acoustic pressure components in the near field of subsonic jets. Guitton et al. 26 showed that the pressure spectral level scales with the jet velocity (U) as a function of U 4 in the hydrodynamic region and U 7 in the acoustic region. This highlights the uniqueness of the hydrodynamic pressure fluctuations and also demonstrates a degree of self-similarity in the spectral shape of the hydrodynamic pressure component. Harper-Bourne, 27 therefore, derived a semiempirical model of the hydrodynamic pressure, including the spectral shape and spectral peak magnitude for full-scale engine noise prediction.
Objectives
Active control of the jet via LAFPAs provides a well-defined phase reference for the generated large-scale coherent structures, to which various data acquisition systems can be synchronized. The phase-locked pressure signal collected outside the jet shear layer would convey the signature corresponding to the dominant turbulent structures in the jet plumes generated by excitation of jet instabilities. This paper, therefore, aims to explore the nearfield pressure response based on the variations of the excitation Strouhal number and azimuthal mode generated by LAFPAs on the jet plumes. Three common azimuthal modes are used in this study: axisymmetric, helical, and flapping. Through active flow control, data acquisition synchronization, and postprocessing, the current paper sets to provide more concrete experimental evidence on the behavior of the azimuthal structures and more insightful information to empirically describe the near-field wavepacket-like hydrodynamic pressure response.
Technical approach Facility and instrumentation
The experiments in this work were conducted at the GDTL within the Aerospace Research Center at the Ohio State University. The jet anechoic chamber facility is a 6.2 m Â 5.6 m Â 3.4 m room covered with fiberglass wedges designed to have a cutoff frequency of 160 Hz. 28 Figure 1 shows the schematic of the anechoic chamber. The air supply for high-speed jets comes from three five-stage reciprocating compressors (up to 16 MPa). Air is then filtered, dried, and stored in two cylindrical tanks (43 m 3 total in volume). In the current study a converging nozzle is used, with a nozzle exit diameter (D) of 2.54 cm (1 in.).
The near-field pressure was acquired using a linear array of 16 B&K 4939 microphones located along the plane of jet centerline; the spacing varied along the array from 1D to 2D (shown in Figure 2 ). The grid caps of the microphones are removed during each measurement. The linear array was mounted on a linear traverse system at an angle of 8.6 to the jet axis, which is similar to the spreading angle of the jet shear layer. The traverse was controlled using LabVIEW and enabled the acquisition of pressure measurements at various radial positions to the jet axis. Initially, the most upstream microphone is positioned at x/D ¼ 1 and y/D ¼ 1.2 to ensure that the microphone tips are outside the jet shear layer and do not interfere with the jet flow field. For subsequent cases, the microphone array was incremented radially outward by 0.5D for a total travel distance of 7D, for a total of 15 microphone array locations in the radial direction. The measured microphone locations of the near-field linear array are shown in Figure 2 (b). Depending on the excitation azimuthal mode, the closest radial position and the total numbers of measured radial locations are slightly different. For the conical surface contour plot shown in the ''Results and Discussion'' section, the experimental results are extracted from the microphone array located at the closest radial position.
This subsonic jet study mainly focuses on the jet condition at Mach number (M j ) of 0.9 with a jet total temperature ratio of 1. Limited Mach 1.3 jet results are also included. The jet excitation is performed by using LAFPAs, high-frequency and high-amplitude actuators used for flow control. The nozzle has a total of eight actuators evenly spaced around the nozzle just upstream of the exit with the top actuator located in the same azimuthal plane as the microphone array. 29 
Data acquisition
The microphone signals are conditioned by B&K Nexus 2690 conditioning amplifiers with built-in bandpass filter from 20 Hz to 100 kHz. The conditioners are connected to National Instruments PXI-6133 A/D boards and recorded by LabVIEW software. Microphone calibration is performed with a B&K acoustic calibrator, model 4231, and the microphone calibration constants are recorded to provide the conversion from measured voltage to the equivalent pressure. The sampling frequency is set at 200 kHz, and 819,200 data points were collected. The collected data points are split into 8192 data points per segment. The resultant frequency bandwidth is 24.4 Hz. The Fast Fourier Transform is calculated in each segment, and the averaged values are obtained from these segments. The calculated power spectral density is then converted to sound pressure level (SPL) in decibels (dB) referenced to 20 mPa. The resultant spectra are nondimensionalized to power spectral density per unit Strouhal number. The Strouhal number is defined as St ¼ f/f c , where f c is the characteristic frequency of the jet defined as f c ¼ U j /D j ; U j is the jet velocity and D j is the nozzle exit diameter of the jet.
The phase-averaging technique used in Sinha et al. 5 is employed in the current work. The LAFPAs trigger signal is supplied to an Agilent 3320A waveform generator, which produces a ramp signal in phase with the actuators. The output from the waveform generator is acquired simultaneously using the same National Instruments hardware and software as for the microphone signals. As the excitation Strouhal number, azimuthal mode, and ramp signal are well defined, this system enables the identification of the zero phase of actuation and hence, the ability to phase average the pressure signals over the excitation period. This ensures that the development and convection of the signature of the seeded perturbations can be readily identified in the noisy flow, as well as allowing pressure signals, which were not recorded simultaneously (i.e. different near-field array positions), to be analyzed concurrently.
Data processing
The pressure traces from the microphones are preprocessed to remove actuator self-noise. This is accomplished through a continuous wavelet filter. Further details of this preprocessing may be found in the work of Crawley et al. 30 Tinney and Jordan 22 proposed decomposing the near-field pressure based upon a multidimensional Fourier transform via a linear filtering. The hydrodynamic and acoustic pressure components travel at different speeds and therefore can be identified as the subsonically and supersonically convecting waves in the frequency-wavenumber space, depending on the individual phase velocity. In a similar fashion, the decomposition methodology used in this study is a modification of that proposed by Tinney and Jordan. 22 The filtering operation via Fourier transform is substituted with a spatiotemporal wavelet transform. As with the Fourier-based decompositions, the waveletbased decompositions are performed along each microphone array position, separately, and the local speed of sound was again chosen as the demarcating phase velocity, and separating the hydrodynamic and acoustic components. The decomposed hydrodynamic pressure component is then used for analysis of near-field pressure with various excitation configurations. Additional details of the decomposition algorithm and validation with near-field experimental results can be found in Crawley et al. 31 In order to describe the temporal and spatial variations of flow structures, dynamic mode decomposition (DMD) was introduced by Schmid. 32 DMD is able to extract the dominant dynamic mode from the input dataset (or time-resolved snapshots). These snapshots are usually arranged in two-dimensional data points obtained from particle image velocimetry (PIV) or numerical predictions. 33, 34 Because of the synchronization of the measured pressure signals over the excitation period, the linear microphone array experiment is able to provide the two-dimensional and time-resolved pressure fluctuations for DMD analysis. The resolved dominant mode at an extracted Strouhal number would feature the dynamic behavior of the near-field hydrodynamic pressure fluctuations relative to various excitation configurations. Additional details of the decomposition algorithm and MATLAB code can be seen in Grilli. 35 
Results and discussion
While the effect of LAFPAs on the flow field of the Mach 0.9 jet for the current work has been investigated in the past, 3 the focus of this paper is to study the resultant near-field pressure response. ''Analysis of the near-field pressure waveform'' section presents the nearfield pressure fluctuations around an excited jet for different azimuthal modes and Strouhal numbers. The analysis and results of DMD are introduced in ''Dynamic mode analysis of near-field pressure fluctuations'' section. It is shown that the perturbations result in nearfield hydrodynamic pressure fluctuations featuring a wavepacket-like pattern of growth, saturation, and decay. In ''Empirical reconstruction of near-field hydrodynamic pressure distribution'' section, an empirical model is derived to statistically describe the distribution of the near-field hydrodynamic pressure fluctuations.
Analysis of the near-field pressure waveform
In order to study the individual pressure components (i.e. acoustic and hydrodynamic) in the near field of jet plumes, a spatiotemporal wavelet transform decomposition was used. 31 Subsequently, phase averaging is applied to the decomposed time traces of the near-field pressure data. This process extracts the periodic component of the jet response to excitation. An example of decomposed and phase-averaged hydrodynamic pressure signature is shown in Figure 3 . In the axisymmetric (m ¼ 0) case, only one clear pressure waveform is observed in a single period. In the helical (m ¼ 1) case, however, eight pressure waveforms with different amplitudes and time delays are observed at both this and further downstream measurement locations. In the experimental setup, the microphone has a different distance to each individual actuator (there are eight actuators). This could be a reason for the changing amplitude of the pressure signal with helical mode excitation; the signal from the furthest actuator is weakest while from the closest it is the strongest. In addition, with this low Strouhal number excitation, which is called impulse excitation, 5 and in the upstream part of the jet, a helical structure is not fully formed and thus it may not be fully justified to call this waveform as m ¼ 1 waveform. In the flapping (m ¼ AE 1) case, three actuators grouped together fire at the same time, and a half-period time delay later the other three actuators on the opposite side of nozzle fire in order to mimic flapping mode behavior. This actuation arrangement results in two pressure waveforms with different amplitudes in one period. This shows that each actuation set is responsible for one unique pressure waveform.
In the jet condition with the microphones close to the jet plume, the amplitude of the decomposed acoustic pressure component is expected to be much smaller than the hydrodynamic component. An example is shown in Figure 4 to illustrate the significant difference in the peak level of the two components. In addition, their pressure waveforms are quite different. The envelope of the acoustic pressure waveform is almost symmetric in time relative to its peak while that of the hydrodynamic pressure is nearly antisymmetric. There are some other disparities in the pattern and amplitude decay rate as well. Figure 5 shows the phase-averaged, near-field pressure (total as well as decomposed components) response (in an arbitrary time frame) of the jet excited with axisymmetric mode and at an excitation Strouhal number of 0.25. In Figure 5 (a), the contour plot seems to feature some emission patterns, but the pattern is not well defined. By decomposing the near-field pressure, the spatial evolution and amplitude alternation of the hydrodynamic pressure component become clear as shown in Figure 5 (b). Due to phase averaging, the random pressure fluctuations, which are not in phase with the excitation signal, have been filtered out. The radial gradient of the pressure field exhibits the rapid (exponential) decay of the hydrodynamic pressure component. On the contrary, the acoustic pressure component features a different emission pattern as shown in Figure 5 (c). The significantly lower amplitude of the acoustic component radiates at a shallow angle relative to the axial axis. These features of the pressure components are also captured in the numerical simulations. 36 With these encouraging results, the following discussion focuses on the effect of various azimuthal modes and Strouhal numbers on near-field pressure fluctuations. Because of the dominance of the hydrodynamic pressure component in the near field of jet plumes, the discussion only emphasizes the variations of hydrodynamic pressure fluctuations.
The following cases are discussed: the axisymmetric and helical mode with excitation Strouhal numbers of 0.05 and 0.15. The flapping mode case is not mentioned here for brevity but briefly discussed in a later section. At higher excitation Strouhal numbers (i.e. 0.5), the structure wavelength is too small relative to the microphone spacing (1D) and azimuthal 
distribution (45
), and aliasing effects would emerge. Additionally, these two Strouhal numbers (0.05 and 0.15) represent the impulse response and the periodic response to the excitation. Sinha et al. 5 showed that the pressure waveform of the periodic response case could be reconstructed by the linear superposition of the pressure waveform of the impulse response case. Figure 6 shows the hydrodynamic pressure signature with excitation at St DF of 0.05 presented at two different perspectives. The contours in the left column represent the pressure fluctuations measured on the axial-radial plane along the jet centerline, and the ones in the right column were acquired at four azimuthal angles (in the case of the helical mode) and plotted as a conical surface. Both contours are plotted at the same phase for comparison. First looking at the plane contour, the azimuthal mode has a strong impact on the level and pattern of the pressure fluctuations. At this excitation Strouhal number, the magnitude of the pressure fluctuations induced by the helical mode is about one-third of the axisymmetric case. This is in qualitative agreement with the results of Suzuki and Colonius 37 who had shown that the axisymmetric mode dominates the irrotational near field of the jet. Similar to the results in the plane contours, the azimuthal mode significantly influences the pattern and evolution of pressure fluctuations in the conical surface contours. In the axisymmetric case, the pressure contour features a ring-shape pattern whereas a spiral-shape pattern is observed in the helical case.
As the excitation Strouhal number increases to St DF of 0.15, the hydrodynamic pressure fluctuations pattern become more compact, as shown in Figure 7 . As the excitation Strouhal number increases, the previous PIV results showed that the coherent structures gradually shift upstream with reduced structure spacing. 4 This phenomenon is also reflected on the near-field pressure fluctuations. Excitation with various azimuthal modes and excitation Strouhal number ranges from 0.02 to 0.5. As the excitation Strouhal number increases, the hydrodynamic pressure component is significantly reduced in amplitude and axial imprint. These results qualitatively agree with the previous PIV results, which have shown that higher excitation Strouhal numbers induce comparatively smaller coherent structures than lower excitation Strouhal numbers and they develop and decay further upstream. 4 Since the spatial extent of the hydrodynamic pressure component correlates to the length scale of a turbulent structure, a reduction in the overall effective area of the near-field pressure fluctuations is expected. The dominant Strouhal number for the maximum level of pressure fluctuations decreases as the azimuthal mode varies from axisymmetric to flapping mode. During the investigation of the nonlinear interaction model for the subsonic jet noise, Sandham and Salgado 38 also showed that the St number was lower for the most amplified waves in the helical mode than the axisymmetric mode. Additionally, the flapping mode affects a wider streamwise region than the other modes. This analysis illustrates the nonlinear evolution of the hydrodynamic pressure component corresponding to various azimuthal modes and Strouhal numbers.
Dynamic mode analysis of near-field pressure fluctuations
In the previous section, the near-field hydrodynamic pressure fluctuations (in an arbitrary time frame) featuring various emission patterns with different excitation configurations were presented and discussed. The time-resolved pressure response can be further analyzed with DMD to provide a frequency-based interpretation. Figure 9 presents the DMD results of the near-field hydrodynamic pressure component on the radial plane for the M j 0.9 jet excited with the axisymmetric mode at various St DF . The most dominant mode is shown for each 
excitation case, and the dominant Strouhal number unsurprisingly matches the excitation Strouhal number. The resolved dominant mode features a wavepacket-like pattern, with amplitude alternation and spatial evolution along the axial direction. Along the radial direction, the hydrodynamic pressure component features monotonic decay in amplitude. As the excitation Strouhal number increases, the resolved dominant mode gradually shifts upstream and shrinks in the radial direction. The significant fluctuation level with axisymmetric mode excitation is observed within St DF of 0.15-0.35, which agrees with the observations in Figure 8(a) . Because of these well-described trends, the near-field hydrodynamic pressure component is statistically analyzed and discussed in the later section.
Another highlight from DMD analysis is the modal distribution of dominant Strouhal numbers. Figure 10 presents these distributions in relative scale (by percentage) with axisymmetric mode excitation at St DF of 0.05, 0.15, and 0.35. At the lowest excitation Strouhal number case, the most dominant Strouhal number is the excitation Strouhal number, following by its harmonics with nearly monotonically decreasing level. As the excitation Strouhal number increases, the relative dominance of the mode at the excitation Strouhal number grows significantly. Similar trends of Strouhal number distribution are also observed with various azimuthal mode excitations. Figure 11 shows the dominant mode with jets excited at helical mode for St DF of 0.05 and 0.15. Two views, one along the radial plane and another on the conical surface, are shown. Again, the dominant Strouhal number matches the excitation Strouhal number and the resolved dominant mode features a helical behavior. Similar to the results with the axisymmetric mode, the spatial extent of the resolved dominant mode significantly reduces, as the excitation Strouhal number increases. By comparing the spatial extent along the radial direction, the axisymmetric mode excitation (Figure 9 ) results in a slightly wider radial extent of pressure fluctuations than the helical case. Azimuthal modes potentially play a role in expanding the radius of pressure fluctuations in the near field of jet plumes.
The last and most interesting case presents the dominant mode with the jet excited with flapping mode at St DF of 0.05 and 0.15; only the conical surface distribution is shown. At the St DF of 0.05 case, the top two dominant modes appear at Strouhal number of 0.05 and 0.1. At Strouhal number of 0.05 shown in Figure 12 
Empirical reconstruction of near-field hydrodynamic pressure distribution
Previous flow visualization measurements illustrated that orderly large-scale flow structures emerge in the jet shear layers. 4 In the irrotational near field of excited jet plumes, the signature of these coherent flow structures results in a high-amplitude wavepacket-like hydrodynamic pressure fluctuation as described above. The near-field hydrodynamic pressure component shows similarity and trends that could be statistically analyzed. Based on these findings, the near-field hydrodynamic pressure distribution of the baseline jets could be empirically modeled. In the axial direction, the envelope of the amplitude of the near-field hydrodynamic pressure component behaves like a Gaussian function. 40 Along the radial direction, the trend of decreasing pressure level is similar across various streamwise locations. These trends and patterns are clearly illustrated in Figure 13 This representative Strouhal number exhibits the typical distribution of hydrodynamic pressure fluctuations in the near field of jet plumes.
Chan 41 proposed that the near-field pressure fluctuations, p(x, r), are separable into two independent functions of x and r; p(x, r) ¼ F(x)ÁG(r), where F(x) and G(r) could represent the axial and radial amplitude distribution of the pressure disturbance. Based on this concept, an empirical model is derived with two independent functions to depict the near-field pressure distribution as shown in Figure 13(b) . The first function is responsible for the amplitude modulation along the axial direction. The axial pressure levels are extracted from the measurements acquired at the closest radial position. The amplitudes are normalized by its peak value (SPLp), and the axial location is also normalized by the axial position (x peak ) at which the peak value occurs. The normalized axial function is then statistically fitted into a Gaussian function shown in Figure 14(a) . The second function provides the radial amplitude modulation shown in Figure 14 (a) as well. Along the radial direction, the amplitude decays exponentially and the radial decaying rate is a function of axial position shown in Figure 14 (b). Scaled relative to the peak SPL (SPLp) and peak location (x peak ), the empirical reconstruction of the near-field hydrodynamic pressure contour is shown in Figure 15 . The empirically reconstructed contour generally depicts the overall trends and levels and is in relatively good agreement with the original data shown in Figure 13(a) . It is also shown to be effective at cases with different Strouhal numbers. 42 With the encouraging results obtained in the subsonic jet regime, the method is examined in a fully expanded jet operating at M j 1.3 for St of 0.05. Its normalized axial and radial profiles are both shown in Figure 16 (a) and the value of the power coefficient (q) of the normalized radial profile is shown in Figure 16 (b). With the peak SPL (SPLp) at 152.4 dB and the axial peak location (x peak ) at 12.3D, the contour of decomposed hydrodynamic pressure component is presented in Figure 17(a) , and the empirical reconstruction is shown in Figure 17(b) . A good agreement is again reached, and the amplitude and distribution of the near-field hydrodynamic pressure component are properly modeled. This provides an empirical way to describe the hydrodynamic pressure component in the near field of jet plumes.
Conclusions
Previous work in the Mach 0.9 jets with LAFPAs studied differences of jet spreading rate and the evolution of coherent flow structures in the jet shear layer. The focus of the current work is to study the spatial evolution of the resultant near-field pressure caused by excitation of the jet instabilities using LAFPAs. The hydrodynamic pressure component, primarily dominant in the near field of jet plumes, is used for pressure waveform analysis. The time traces of phase-averaged hydrodynamic pressure component illustrate a clear and definite pressure waveform corresponding to different azimuthal mode excitations. From the contours along the plane of the jet centerline, the pressure waveforms exhibit a wavepacket-like pattern, with amplitude alternation and spatial evolution along the axial direction. The spatial extent along the axial and radial directions strongly depends on the excitation Strouhal number and azimuthal mode. The flapping mode excitation incurs a wider streamwise region of pressure fluctuations than the axisymmetric mode. However, the Strouhal number of the most significant pressure amplification for axisymmetric mode is higher than the one for flapping mode. The azimuthal evolution of the pressure waveform is also well depicted on the conical surface contour along the jet centerline.
DMD is used to further describe the mode behavior and evolution for the most dominant Strouhal number. The observed pattern of dominant modal behavior with axisymmetric and helical mode excitation is similar to the time-domain analysis. However, two dominant modal behaviors are observed with flapping mode excitation. At the excitation Strouhal number, the clear flapping pattern of pressure response is observed on the conical surface contour. At double the excitation Strouhal number, the axisymmetric-like pattern of the pressure response is observed instead. The flow-field modifications on the flapping plane and nonflapping plane potentially contribute to the varying dominant dynamic modes.
Because of the clear pattern of hydrodynamic pressure distribution, the near-field hydrodynamic pressure component is empirically modeled. The axial pressure amplitude is normalized with the peak value and the axial position with the peak amplitude. The normalized axial profile is curve fitted and represented by a Gaussian function. In the radial direction, the radial pressure amplitude decays exponentially and so the normalized radial profile is described by a power function. The power coefficient is a function of axial position. The empirical reconstruction of the near-field hydrodynamic pressure contour shows a good agreement with the experimental data. This method is examined with near-field pressure data measured from a supersonic jet. Again, the level and distribution of the near-field hydrodynamic pressure component is well modeled. This empirical model provides a way to describe the features of the hydrodynamic pressure component for comparison and prediction.
